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Description 
LEAKAGE COMPENSATION CIRCUIT 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates to the field of electronic cir- 
cuits; more specifically, it relates to a circuit that compen- 
sates for leakage current through a capacitor. 

[0003] BACKGROUND OF THE INVENTION 

[0004] Dielectric leakage is a significant problem in the design of 
very precise analog and/or digital circuits. For example, 
when a P-channel field effect transistor (PFET) is used as a 
capacitor (PCAP) or when an N-channel field effect tran- 
sistor (NFET) is used as a capacitor (NCAP) for the loop fil- 
ter capacitor of a phase locked loop (PLL) circuit, leakage 
due to tunneling when the gate dielectric is less than 2.0 
nm thick can cause the oscillator frequency of the PLL to 
drift between capacitor refresh cycles resulting in unac- 
ceptable jitter and reduced performance. Alternative 
schemes of using thick dielectric capacitors can introduce 



unwanted capacitor-voltage (C-V) curve distortions as 
well as increase die area and fabrication steps and thus 
increase fabrication time and cost. Therefore, a method 
for compensating leakage current through a capacitor in 
very precise analog and digital circuits is needed. 
Summary of Invention 

[0005] a first aspect of the present invention is a circuit, com- 
prising: a capacitor coupled between a first circuit node 
and a second circuit node and that leaks a leakage current 
from the first circuit node to the second circuit node; and 
a compensation circuit adapted to supply a compensatory 
current to compensate for the leakage current to the first 
circuit node. 

[0006] a second aspect of the present invention is a phase locked 
loop circuit, comprising: an output of a phase detector 
connected to the input of a charge pump; an input of a 
compensated loop filter connected to and output of the 
charge pump; an input of a voltage controlled oscillator 
connected to the output of the compensated loop filter; 
an output of the voltage controlled oscillator connected to 
an input of the phase detector; and the compensated loop 
filter comprising: a capacitor coupled between a first cir- 
cuit node and a second circuit node that leaks a leakage 



current from the first circuit node to the second circuit 
node; a secondary resistor connected between the first 
circuit node and a secondary capacitor, the secondary ca- 
pacitor connected between the secondary resistor and the 
second circuit node; and a compensation circuit adapted 
to supply a compensatory current to compensate for the 
leakage current to the first circuit node. 
[0007] a third aspect of the present invention is a method of 
compensating a capacitor that leaks current between a 
first circuit node and a second circuit node, comprising: a 
capacitor coupling between the first circuit node and the 
second circuit node; a compensation circuit adapted to 
supply a compensatory current to compensate for the 
leakage current to the first circuit node. 
Brief Description of Drawings 

[0008] The features of the invention are set forth in the ap- 
pended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip- 
tion of an illustrative embodiment when read in conjunc- 
tion with the accompanying drawings, wherein: 

[0009] FIG. 1 is a schematic diagram illustrating the use of a ca- 
pacitor to develop and hold an output voltage; 

[0010] FIG. 2 is a schematic diagram of a circuit illustrating a 



method for compensating a leakage current through a ca- 
pacitor according to a first embodiment of the present in- 
vention; 

[001 1] FIG. 3 is a block diagram of a circuit illustrating a method 
for compensating a leakage current through a capacitor 
according to a second embodiment of the present inven- 
tion; 

[0012] FIG. 4 is a block diagram of a circuit illustrating a method 
for compensating a leakage current through a capacitor 
according to a third embodiment of the present invention; 

[0013] FIG. 5 is a detailed schematic diagram of a circuit illus- 
trating the method for compensating a leakage current 
through a capacitor according to the third embodiment of 
the present invention; 

[0014] FIG. 6 is a block diagram of a circuit illustrating a method 
for compensating a leakage current through a capacitor 
according to a fourth embodiment of the present inven- 
tion; 

[0015] FIG. 7 is a block diagram of a circuit illustrating a method 
for compensating a leakage current through a capacitor 
according to a fifth embodiment of the present invention; 

[0016] FIG. 8 is a schematic block diagram of a circuit illustrating 
a method for compensating a leakage current through a 



capacitor according to a sixth embodiment of the present 
invention; 

[0017] FIG. 9 is a detailed schematic diagram of the circuit of FIG. 
8; 

[0018] FIG. 10 is a detailed schematic diagram of an alternative 

circuit to the circuit of FIG. 9; 
[0019] FIG. 11 is a block diagram of a PLL circuit according to the 

present invention; and 
[0020] FIG. 12 is a block diagram of the compensated loop filter 

of FIG. 11. 
Detailed Description 

[0021] while the present invention is most useful in applications 
using PCAPs (PFETs with source/drain tied to V dd ) and 
NCAPs (NFETS with source/drain tied to V^) the invention 
is equally applicable to applications other integrated cir- 
cuit capacitors such as metal-insulator-metal capacitors 
(MIMCAPs) where the two plates and intervening dielectric 
are incorporated into the wiring layers of an integrated 
circuit chip, trench capacitors and deep trench (DT) ca- 
pacitors where a dielectric lined polysilicon filled trench is 
formed in a silicon substrate of an integrated circuit chip 
as well as to applications using discrete capacitors such as 
electrolytic, tantalum, mica and ceramic capacitors. 



[0022] FIG. 1 is a schematic diagram illustrating the use of a ca- 
pacitor to develop and hold an output voltage. In FIG. 1, 
an input current I is applied to a node N and an output 
voltage V c is supplied from node N. A capacitor CI is con- 
nected between node N and ground and ideally will hold 
the voltage V . Current I |n charges capacitor CI maintain- 
ing voltage V c at a predetermined voltage level that varies 
directly as I varies. However, if capacitor CI is leaky a 

IN 

leakage current I leak will flow to ground causing voltage V c 
to drop from its predetermined value between refresh cy- 
cles of I . The present invention describes several em- 
bodiments to compensate for current I and thus main- 

r LEAK 

tain voltage V c at its predetermined value. 
[0023] FIG. 2 is a schematic diagram of a circuit 100 illustrating a 
method for compensating for leakage through a capacitor 
according to a first embodiment of the present invention. 
In FIG. 2, input current |N is applied to node N and output 
voltage V c is supplied from node N. Capacitor CI is con- 
nected between node N and ground. Node N is coupled to 
a voltage source V through capacitor C2. Current I 

3 DD IN 

charges capacitor CI maintaining voltage V c at a prede- 
termined level that varies as I varies. However, if capaci- 

in ' K 

tor CI is leaky a leakage current I leak will flow to ground 



causing voltage V c to drop from its predetermined value 
between refresh cycles of A compensation capacitor 
C2 is connected between node N and voltage source V 

3 DD 

Compensation capacitor C2 is charged by voltage source 
V and leaks a compensation current I . When current 

DD K COMP 

I is equal to current I voltage V will remain con- 

COMP M LEAK 3 C 

stant between current I refresh cycles. Current I is 

IN 1 COMP 

equal to current I leak when (1) the capacitance of capaci- 
tor CI equals the capacitance of capacitor C2 and (2) V, = 
V dd /2. If voltage V dd is not equal to twice voltage V c , then 
voltage V c will drift between the predetermined value of 
voltage V c and a lower voltage between current I |n refresh 
cycles. 

[0024] Capacitors CI and C2 may be the same type of capacitor 
so the leakage characteristics of both capacitors are the 
same. Ground may be considered for this and all subse- 
quent embodiments of the present invention, a special 
case of a second circuit node and need not be at zero po- 
tential. 

[0025] | n AC applications, capacitor C2 serves as a functional ca- 
pacitor controlling output voltage V c along with capacitor 
CI and the capacitance of the two capacitors should be 
sized with this fact in mind. Both capacitor CI and capaci- 



tor C2 may have half the required capacitance. When fab- 
ricated as NCAPs or PCAPs, capacitor CI and capacitor C2 
may have equal gate areas. When fabricated as MIMCAPs, 
capacitor CI and capacitor C2 may have equal plate areas. 
In either case, capacitor C2 may be purposely scaled from 
capacitor CI to compensate for known or nominal devia- 
tions of V from V /2. 

C DD 

[0026] FIG. 3 is a block diagram of a circuit 105 illustrating a 

method for compensating for leakage through a capacitor 
according to a second embodiment of the present inven- 
tion. In FIG. 3, input current is applied to node N and 
output voltage V c is supplied from node N. Capacitor CI is 
connected between node N and ground. A first plate of a 
compensation capacitor C2 is connected to node N and a 
second plate of capacitor C2 is connected to the output of 
a voltage doubler 105. The input of voltage doubler 105 is 
connected to node N. Voltage doubler 105 thus generates 
an output voltage equal to twice voltage V c . Voltage dou- 
bler 105 is supplied by voltage source V dd . Capacitor C2 
is charged by voltage doubler 110. Since leakage current 
is a function of capacitance and voltage across the capaci- 
tor, I will equal I when the capacitance of capaci- 

COMP LEAK 

tor CI and C2 are equal and the voltage across capacitors 



CI and C2 is the same. Therefore voltage V c will remain 

constant between current I refresh cycles when CI = C2. 

in 7 

[0027] Capacitors CI and C2 should be the same type of capaci- 
tor so the leakage characteristics of both capacitors are 
the same. If I |n is supplied periodically in a refresh cycle, 
then voltage doubler 110 must operate at a rate faster 
than I refresh cycle. 

IN 7 

[0028] | n AC applications, compensation capacitor C2 serves as a 
functional capacitor controlling output voltage V c along 
with capacitor CI and the capacitance of the two capaci- 
tors should be sized with this fact in mind. Both capacitor 
CI and capacitor C2 should have half the required capaci- 
tance. When fabricated as NCAPs or PCAPs, capacitor CI 
and capacitor C2 should have equal gate areas. When fab- 
ricated as MIMCAPs, capacitor CI and capacitor C2 should 
have equal plate areas. 

[0029] FIG. 4 is a block diagram of a circuit 115 illustrating a 

method for compensating for leakage through a capacitor 
according to a third embodiment of the present invention. 
In FIG. 4, input current I is applied to node N and output 
voltage V c is supplied from node N. Capacitor CI is con- 
nected between node N and ground. Compensation cur- 
rent I is supplied to node N by a variable current 
comp KK 7 



source 120 connected to voltage source V^. A voltage 
buffer 125 is connected between node N and a current 
monitor 130. A current monitor 130 is connected between 
the control input of current source 120 and voltage buffer 
125. Current monitor 130 is connected to voltage source 
V dd - A sampling capacitor C3 is connected between volt- 
age buffer 125 and ground. Voltage buffer 125 generates 
a sample voltage V that is equal to voltage V . (A 

K 3 SAMPLE M 3 C 

voltage buffer transfers voltage at its input to voltage at 
its output without adding current load.) Voltage v SAMpLE 
charges capacitor C3 and capacitor C3 leaks a leakage 
current I to ground which is monitored by current 

SAMPLE 3 7 

monitor 130. Current monitor 130 generates a control 

voltage V which is used by current source 120 to 
a comp 7 

generate I in proportion to I such that I = I 

3 COMP r r SAMPLE COMP 

leak - If R is the capacitance of capacitor CI divided by the 
capacitance of capacitor C3, then l cQMp = R x ' SAMPLE - 
Therefore, voltage V c will remain constant between cur- 
rent I refresh cycles and the capacitance of capacitor C3 
can be made very small compared to capacitance of ca- 
pacitor CI. 

[0030] Capacitors CI and C3 should be the same type of capaci- 
tor so the leakage characteristics of both capacitors are 



the same. When fabricated as NCAPs or PCAPs, capacitor 
CI and capacitor C3 would have gate areas in the ratio R. 
When fabricated as MIMCAPs, capacitor CI and capacitor 
C2 would have plate areas in the ratio R. 

[0031] when used in a typical phase-locked-loop application as 
illustrated in FIGs. 11 and 12 and described infra, the 
functional capacitor CI is a NCAP having a capacitance of 
about 150pF. The resulting leakage current I leak through 
this capacitor would be about 200uA at V c =1.0v. If a 
value of R = 20 were used, the resulting ISAMPLE would 
be equal to lOuA. 

[0032] FIG. 5 is a detailed schematic diagram of a circuit 115A il- 
lustrating the method for compensating for leakage 
through a capacitor according to the third embodiment of 
the present invention. In FIG. 4, voltage buffer 125 in- 
cludes an NFET Nl, current monitor 130 includes a PFET 
PI and current source 120 includes a PFET P2 and an NFET 
P2. The sources of PFETs PI and P2 are connected to V . 

DD 

The drains of PFET PI and NFET Nl are connected to the 
gates of PFET PI and PFET P2 respectively. The drains of 
PFET P2 and NFET N2 are connected to the gates of NFET 
Nl and NFET N2. The source of NFET Nl is coupled to a 
first plate of capacitor C3 and a second plate of capacitor 



C3 is connected to ground. The source of NFET N2 is cou- 
pled to node N. Node N is coupled to a first plate of ca- 
pacitor CI and a second plate of capacitor CI is coupled 
to ground. Current I is connected to node N and voltage 
V c is supplied from node N. Capacitor CI has a capaci- 
tance of R times the capacitance of capacitor C3, PFET P2 
has a width/length ratio (W/L) R times the W/L of PFET PI 
and NFET N2 has a W/L of R times the W/L of NFET Nl. 
[0033] FIG. 6 is a block diagram of a circuit 135 illustrating a 

method for compensating for leakage through a capacitor 
according to a fourth embodiment of the present inven- 
tion. In FIG. 6, input current I is applied to node N and 
output voltage V c is supplied from node N. Capacitor CI is 
connected between node N and a node M. A sensing ele- 
ment 140 is connected between node M and ground. In 
one example, sensing element 140 is a resistor. Compen- 
sation current I is supplied to node N by a variable 

COMP 

current source 145 connected to voltage source V . A 

3 DD 

positive input of an operational amplifier 150 is connected 
to node M and a negative input of the operational ampli- 
fier is connected to ground. The output of operational 
amplifier 150 is connected to the control input of current 
source 145. Operational amplifier 150 generates a control 



voltage V in response to a voltage V on node M, 

a COMP K a SENSE 

which is used by current source 145 to generate I in 

7 a COMP 

proportion to I such that I = I Voltage V 

SAMPLE COMP LEAK 3 SENSE 

is proportional to current I leak , therefore, voltage V c will 
remain constant between current I refresh cycles. 

IN 7 

[0034] FIG. 7 is a block diagram of a circuit 155 illustrating a 

method for compensating for leakage through a capacitor 
according to a fifth embodiment of the present invention. 
In FIG. 7, input current I is applied to node N and output 
voltage V c is supplied from node N. Capacitor CI is con- 
nected between node N and ground. Compensation cur- 
rent I is supplied to node N by a variable current 
COMP KK 7 

source 160 connected to voltage source V dd - An input of 
voltage buffer 165 is connected to node N and output of 
the voltage buffer is connected to the input of a time de- 
lay circuit 170 (that delays voltage signal V c by an amount 
of time AT) and a first input of an operational amplifier 
175. The output of time delay circuit 170 is connected to 
a second input of operational amplifier 175. Operational 
amplifier 175 generates a voltage signal AV, which is cou- 
pled to the control input of current source 160. 
[0035] v is used by current source 160 to generate I to 

COMP 3 COMP 

replace the amount of charge lost over delay AT such that 



I = I based on equation (1):(AI -x AT) = CI x V 

COMP LEAK ^ LEAK 

(l)where: 
comp v 

[0036] AI leak = the amount of current leaked by capacitor CI; 

[0037] at = the time delay of time delay circuit 165; 

[0038] ci = the capacitance of capacitor CI; and 

[0039] av = the difference in the voltage level of AV over time 
AT. 

[0040] when I |n is applied as pulses, sampling interval AT should 
be smaller than the frequency of I |n pulses required to 
keep capacitor CI fully charged. 

[0041] FIG. 8 is a schematic block diagram of a circuit 185 illus- 
trating a method for compensating for leakage through a 
capacitor according to a sixth embodiment of the present 
invention. In FIG. 8, capacitor CI is connected between 
node N and ground and output voltage V is supplied 
from node N. A reference resistor R is connected be- 

REF 

tween node N and ground. A leakage reference circuit 
190, coupled to voltage source V dd , is connected between 
node N and the gate of an NFET N4. The source of NFET 
N4 is connected to ground and the drain of NFET N4 is 
connected to the output of a digital to analog converter 
(DAC) 195. DAC 195 has four digital inputs DAC0, DAC1, 



DAC2 and DAC3, which determine the current conducted 
by the DAC. The output of DAC 195 is connected to a first 
input of a current reference circuit 200. A reference volt- 
age V re| _ is supplied to a second input of current reference 
circuit 200. Current reference circuit 200 is also coupled 
to voltage source V dd . The output of current reference 
circuit 200 is connected to the gate of a PFET P4. The 
source of PFET P4 is connected to voltage source V and 

3 DD 

the drain of PFET P4 is connected to node N. 
[0042] | n operation, current reference circuit 200 outputs a con- 
trol voltage V GATE » which controls PFET P4. A predeter- 
mined amount of current, I , flows through resistor R 

REF 3 REF 

generating voltage V c on node N. Leakage reference cir- 
cuit 190 generates a voltage based on the leakage current 
I leak through capacitor CI in order to add a proportional 
amount of current to the output of DAC 195, which in turn 
causes the voltage V gate generated by current reference 
circuit 200 to decrease, causing the current I to node N 

4 

supplied by voltage source V dd to increase to compensate 
for the leakage through capacitor CI. Therefore, voltage V, 
will remain constant as I is compensating for I 

4 ^ 3 LEAK 

through capacitor CI. 
[0043] FIG. 9 is a detailed schematic diagram of circuit 185 i 1 1 us— 



trated in FIG. 8. In FIG. 9, resistor R and capacitor CI 

REF K 

are connected to node N and PFET P4 is connected to 

node N and voltage source V as illustrated in FIG. 8 and 
3 DD 

described supra. Current reference circuit 200 includes an 
operational amplifier OP1 and a PFET P3. A first input of 
operational amplifier OP1 is connected to V re| _ and a sec- 
ond input of operational amplifier OP1 is connected to the 
output of DAC 195 and the drain of PFET P3. The output 
of operational amplifier OP1 is connected to the gates of 
PFETs P3 and P4. 
[0044] Leakage reference circuit 190 includes a unity gain opera- 
tional amplifier OP2, PFETs P5 and P6, an NFET N3 wired 
as a diode and a leakage reference capacitor C4. A first 
input of operational amplifier OP2 is connected to the 
drain of PFET P4 and a second input of operational ampli- 
fier OP2 is connected to the drain of PFET P6 and a first 
plate of capacitor C4. A second plate of capacitor C4 is 
connected to ground. The output of operational amplifier 
OP2 is connected to the gates of PFETs P5 and P6. The 
sources of PFETs P5 and P6 are connected to voltage 
source V . The drain of PFET P5 and NFET N3 are con- 

DD 

nected to the gates of NFETs N3 and N4. The source of 
NFET N4 is connected to ground and the drain of NFET N4 



is connected to the output of DAC 195 (and hence to the 
drain of PFET P3). 

[0045] DAC 195 includes inputs DACO, DAC1, DAC 2 and DAC 3, 
and NFET N5, NFET N6, NFET N7, NFET N8, and resistor 
R2, resistor R3, resistor R4, resistor R5 and resistor R6. 
Inputs DACO, DAC1, DAC 2 and DAC 3 are connected re- 
spectively to the gates of NFETs N5, N6, N7 and N8. The 
sources of NFETs N5, N6, N7 and N8 are connected to 
ground. The drains of NFETs N5, N6, N7 and N8 are con- 
nected respectively to first terminals of resistors R2, R3, 
R4 and R5. A first terminal of resistor R6 is connected to 
ground. The second terminals of resistors R2, R3, R4, R5 
and R6 are connected to the output of DAC 195. 

[0046] | n operation, current in PFET P3 is mirrored into resistor R ( 
and the voltage level of V c is established. Capacitor C4 is 
biased to V c by operational amplifier OP2 and PFET P6 to 
cause the capacitor to conduct a current in an amount 
proportional to the ratio of capacitances of capacitor C4 
the capacitance of capacitor CI. The current required to 
bias capacitor C4 at voltage V. is mirrored by PFET P6 
onto NFET N3 and a bias control voltage V is estab- 

3 LEAK 

lished on the drain of NFET N3. V controls the gate of 

LEAK M 

NFET N4 in order to drain a proportional amount of cur- 



rent from the node V to cause a current increase 

DAC 

through PFET P4, which is sufficient to offset the leakage 
current fl LEAK ) through capacitor CI. 

[0047] Therefore, V dc is kept nearly constant by monitoring the 
leakage through capacitor CI and reflecting that leakage 
back into a current reference to offset the effects of leak- 
age current through capacitor CI. 

[0048] Capacitors CI and C4 should be the same type of capaci- 
tor so the leakage characteristics of both capacitors are 
the same. When fabricated as NCAPs or PCAPs, capacitor 
C4 conducts a current in proportion to the gate area of 
capacitor C4 divided by the gate area of capacitor CI. 
When fabricated as MIMCAPs, capacitor C4 conducts a 
current in proportion to the plate area of capacitor C4 di- 
vided by the plate area of capacitor CI. 

[0049] FIG. 10 is a detailed schematic circuit diagram of an alter- 
native circuit 185B to the circuit of FIG. 9. Circuit 185B 
may be used to supply compensating current directly to 
node N from PFET P5 in applications where saturation 
margin of devices supplied by node N exists to maintain 
current mode devices in saturation. 

[0050] | n FIG. 10, leakage reference circuit 190 includes opera- 
tional amplifier OP2, PFET P6, capacitor C4 and PFET P5 as 



illustrated in FIG. 9 and described above, but with NFETs 
N3 and N4 of FIG. 9 removed, thus the drain of PFET P5 is 
connected directly to node N. 

[0051] | n operation, a leakage current flows through capacitor 

C4, which is proportional to the leakage current in capaci- 
tor CI. The strength (beta) of PFET P5 is sized to supply as 
much current into node N as leaks away from node N 
through capacitor CI. This is accomplished through the 
negative feedback action of operational amplifier OP2. 
With the current into node N and out of node N in equilib- 
rium, the voltage on node N remains constant indepen- 
dent of leakage through capacitor CI. 

[0052] Capacitors CI and C4 should be the same type of capaci- 
tor so the leakage characteristics of both capacitors are 
the same. When fabricated as NCAPs or PCAPs, capacitor 
C4 conducts a current in proportion to the gate area of 
capacitor C4 divided by the gate area of capacitor CI. 
When fabricated as MIMCAPs, capacitor C4 conducts a 
current in proportion to the plate area of capacitor C4 di- 
vided by the plate area of capacitor CI. 

[0053] FIG. 11 is a block diagram of a PLL circuit 205 according 
to the present invention. In FIG. 11, PLL circuit 205 in- 
cludes, coupled in series as recited, a phase detector 210 



for receiving an input frequency f and comparing with 

IN 

an output frequency f 0UT » a charge pump 215 for supply- 
ing input current I to a compensated loop filter 220, 
which supplies voltage V to a voltage controlled oscillator 
(VCO) 225 for generating an output frequency f 0UT - Out- 
put frequency f qut is feedback to phase detector 210. 
The operations of PLL circuits are well known, as are vari- 
ous circuits for phase detector 210, charge pump 215 and 
VCO 225. While loop filters for PLLs are well known, com- 
pensated loop filter 220 utilizes novel features of the 
present invention as illustrated in FIG. 12 and described 
infra. 

[0054] | n p r jor art PLL circuits, the phase detector determines if 
the charge pump supplies or removes charge from the 
loop filter based on the relationship between f and f 

K IN OUT 

In principle, a functional capacitor in the loop filter holds 
the output voltage of the loop filter to a fixed value, which 
is true as long as the functional capacitor is refreshed pe- 
riodically by the charge pump to compensate for current 
leakage through the functional capacitor to ground. If f q ^ 
is greater than f then charge is removed from the loop 
filter causing the control voltage on the function capacitor 
to decrease and hence causing the VCO to slow down. If f 



OUT 



is less than then charge is added to the loop filter 
causing the control voltage on the function capacitor to 
increase and hence causing the VCO to speed up. How- 
ever, if the functional loop capacitor leaks faster than the 
charge pump can cycle and add charge to the loop filter, V c 
and hence f qut will drift within a voltage range. The 
present invention solves this problem. 
[0055] FIG. 12 is a schematic block circuit diagram of compen- 
sated loop filter 220 of FIG. 11. In FIG. 12, compensated 
loop filter 220 includes a functional capacitor and leakage 
compensation circuit 230 for receiving input current I 
and generating output voltage V c on node N. A first termi- 
nal of a secondary resistor R lf is connected to node N and 

second terminal of resistor R is connected to a first plate 

lf ^ 

of a secondary capacitor C^. A second plate of capacitor C LF 
is connected to ground. 
[0056] Functional capacitor and leakage compensation circuit 
230 contains the functional capacitor for maintaining 
node N at VC. This functional capacitor is the same as ca- 
pacitor CI illustrated in FIGs. 2, 3, 4, 5, 6, 7, 8, 9 and 10 
and describe supra. Any of circuits 100, 105, 115, 115A, 
135, 155, 185, 185A or 185B of respective FIGs. 2, 3, 4, 
5, 6, 7, 8, 9 and 10 may be subsituted for functional ca- 



pacitor and leakage compensation circuit 230. 

[0057] A n enhancement that may be applied to any or all of the 
embodiments if the present invention described supra, is 
to turn the tunneling leakage compensation current on 
and off based on the effective RC time constant of the ca- 
pacitor. Jitter on the voltage output can be caused by the 
tunneling leakage compensation current source asserting 
a voltage bias whenever it is supplying current. As stated 
supra, I is a correction current applied to node N to keep 
control capacitor CI charged, thus holding output voltage 
V c and node N constant. However, control capacitor CI 
has a "resistance"R EF| _ (due the leakage current flowing 
through it) giving a time constant R EFp Cl. The tunneling 
leakage frequency equivalent is 1/R^Cl. 

[0058] | n applications where correction current I is refreshed 

IN 

periodically there is an average correction frequency asso- 
ciated with I . When the correction frequency is high, lit- 

IN 

tie or no tunneling leakage compensation current is re- 
quired because I is much larger than I . Tunneling 
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leakage compensation is needed only when the correction 
current frequency above some arbitrary minimum correc- 
tion is low. Therefore, tunneling leakage compensation 
may be turned off until the correction frequency drops 



below K/R CI, where K is a fixed number. At smaller 

EFF 

values of K, there is more jitter and at, a higher values of 
K the tunneling leakage compensation will never turn off. 
Therefore, K must be selected between these two ex- 
tremes. In one example, K is 10 or 100. 

[0059] a example of this enhancement is, given a supply voltage 
of 1 volt, 200 microamperes of tunneling current leakage 
through a 1.5 picofarad control capacitor, yields an effec- 
tive RC of 750 nanoseconds or an equivalent tunnel cur- 
rent frequency of about 1.3 MHz. Tunneling leakage cur- 
rent compensation is invoked when the correction fre- 
quency dips below 130MHz (K=100) or 13MHz (K=10). 

[0060] one of ordinary skill in the art would be able to modify 
the tunneling leakage compensation circuits described 
supra in order to implement the aforementioned enhance- 
ment. 

[0061] while the present invention has been described being 

used in the particular application of a PLL circuit, the ca- 
pacitor leakage compensation circuits and method de- 
scribed supra may be used in other applications such as 
sample and hold circuits, switched capacitor circuits, ref- 
erence decoupling (FIGs. 9 and 10 are examples), contin- 
uous time filters such as Gm-C filters, etc. Thus, the 



present invention provides various methods and circuits 
for compensating for capacitor leakage in very precise 
analog and digital circuits. 
[0062] The description of the embodiments of the present inven- 
tion is given above for the understanding of the present 
invention. It will be understood that the invention is not 
limited to the particular embodiments described herein, 
but is capable of various modifications, rearrangements 
and substitutions as will now become apparent to those 
skilled in the art without departing from the scope of the 
invention. Therefore, it is intended that the following 
claims cover all such modifications and changes as fall 
within the true spirit and scope of the invention. 



